Abstract. Although the patients with t(8;21) acute myeloid leukemia (AML) have a favorable prognosis compared with other non-acute promyelocytic leukemia AML patients, only ~50% patients with this relatively favorable subtype can survive for 5 years and refractory/relapse is common in clinical practice. So it is necessary to find novel agents to treat this type of AML. In this study, the effects and the mechanisms of plumbagin and recombinant soluble tumor necrosis factor-α-related apoptosis-inducing ligand (rsTRAIL) on leukemic Kasumi-1 cells were primarily investigated. Plumbagin and/or rsTRAIL could significantly inhibit the growth of Kasumi-1 cells and induce apoptosis in vitro and in vivo. Plumbagin enhanced TRAIL-induced apoptosis of Kasumi-1 cells in association with mitochondria damage, caspase activation, upregulation of death receptors (DRs) and decreased cFLIP expression. The effects of plumbagin on the expression of DR5, Bax and cFLIP could be partially abolished by the reactive oxygen species (ROS) scavenger NAC. Glutathione (GSH) depletion by plumbagin increased the production of ROS. In vivo, there was no obvious toxic pathologic change in the heart, liver and kidney tissues in any of the groups. Comparing with the control mice, a significantly increased number of apoptotic cells were observed in the combined treated mice by flow cytometry. Plumbagin also increased the expression of DR4 and DR5 in cells of xenograft tumors. Collectively, our results suggest that both plumbagin and rsTRAIL could be used as a single agent or synergistical agents to induce apoptosis of leukemic Kasumi-1 cells in vitro and in vivo.
Introduction
Tumor necrosis factor-α-related apoptosis-inducing ligand (TRAIL/Apo2L), a member of the tumor necrosis factor (TNF) family of apoptosis triggering proteins, is believed to selectively induce apoptosis in cancer cells but not the normal cells (1, 2) . Recombinant soluble TRAIL (rsTRAIL) initiates extrinsic apoptosis through binding to death receptors (DRs) 4 and/or 5 expressed on the cell surface in a variety of tumor cells (3) . Preclinical and clinical studies indicate that TRAIL is safe for potential therapeutic use (4, 5) . However, TRAIL resistance has been widely reported, and this resistance appears to be mediated through the loss of TRAIL receptors, inhibitors such as cFLIP, X-linked inhibitor of apoptosis protein (XIAP), cIAP, and survivin alternations in expression of the Bcl-2 family proteins (6) (7) (8) (9) . Combinational therapy enhancing TRAIL-induced apoptosis through differential regulation of pro-and anti-apoptotic proteins have been reported, including combination with chemo-radiotherapy/biological agents. These kinds of strategies have been shown to have favorable development prospects (2) .
Plumbagin (5-hydroxy-2-methyl-1,4-napthoquinone), which is isolated from the roots of the medicinal plant Plumbago zeylanica L, has been safely used for centuries in Indian Ayurvedic and Oriental medicine for the treatment of various ailments (10, 11) . Plumbagin and its analogs exhibit a variety of potent pharmacological and biological activities including anti-microbial (12, 13) , anti-malarial (14) , anti-inflammatory (15) , anti-atherosclerotic (16) , anti-diabetic (17) and neuroprotective (18) effects. The promising antineoplastic effect of plumbagin has also been demonstrated in various cancer models both in vivo and in vitro. It effectively
Plumbagin enhances TRAIL-induced apoptosis of human leukemic Kasumi-1 cells through upregulation of TRAIL death receptor expression, activation of caspase-8 and inhibition of cFLIP
induces apoptosis and exerts anti-proliferation activity in diverse cancer cell lines, such as leukemia (19, 20) , lung cancer (21, 22) , prostate cancer (23) , breast cancer (24) (25) (26) , ovarian cancer (27) , cervical cancer (28) and melanoma (29) . The mechanisms of its antitumor effect are still not fully unveiled. The balanced translocation between chromosome eight and twenty-one [t (8;21) ] is one of the most frequent chromosomal abnormalities observed in acute myeloid leukemia (AML) and only ~50% of patients with this relatively favorable subtype can survive for 5 years (30) . The Kasumi-1 cell line with the expression of t(8;21) is widely used as a model for the study of this AML subtype (31) . Although TRAIL and/or plumbagin were investigated in some leukemic cell lines, there is no previous report on plumbagin, TRAIL and their combination on Kasumi-1 cell line.
In this study, we determined the cell proliferation inhibition activity of both agents alone and/or combination by using in vitro and in vivo experimental models on Kasumi-1 cells and also explored their possible mechanisms. Collectively, our results suggest that combination treatment with plumbagin and TRAIL might be an effective therapeutic strategy for TRAIL resistant AML with t(8;21).
Materials and methods
Reagents. Plumbagin and NAC were purchased from Sigma-Aldrich (USA). Plumbagin was dissolved in dimethyl sulfoxide (DMSO). The recombinant human zinc ion positioned trimeric form of TRAIL/Apo-2L was a gift from Shanghai Qiaer Co. Revert Aid First strand cDNA synthesis kit was from Fermentas (EU). SYBR Green PCR master mix was from AB Applied Biosystems (UK). For western blot analysis, the antibodies used were: anti-DR5 (Abcam), anti-caspase-3, anti-caspase-8, anti-caspase-9 (R&D), anti-Bid (Abcam), antibcl-2 (R&D), anti-bax (R&D), anti-GAPDH (Cell Signaling Technology), anti-cFLIP (Stressgen) and peroxidase-conjugated goat anti-rabbit and anti-mouse antibodies (Chemicon Co., USA and Canada). For flow cytometry antibodies used were: anti-DR4 (LifeSpan BioSciences, Inc., USA), anti-DR5 (LifeSpan BioSciences, Inc.), anti-TRAIL (Biolegend, USA), anti-DcR1 (LifeSpan BioSciences, Inc.), anti-DcR1 (LifeSpan BioSciences, Inc.). Neutralizing anti-TRAIL-R2 (DR5) was purchased from Diaclone (French).
Cell cultures, cell morphology and TUNEL assay. Human leukemic Kasumi-1 cell lines were kindly provided by Professor J.X. Wang (Institute of Hematology and Blood Diseases Hospital, CAMS and PUMC) or J. Zhu (Shanghai Institute of Hematology) and confirmed by morphology, cytogenetics, immunophenotype and/or molecular analysis. Kasumi-1 cells were cultured in RPMI-1640 medium supplemented with 20% fetal bovine serum (FBS). Cultures were maintained in a humidified atmosphere of 95% air/5% CO 2 at 37˚C. Cell morphology was evaluated by Wright's staining of cells prepared by cytospin centrifugation. Cells were assessed by imaging the TUNEL-positive cells under a light microscope after incubating for 12 h using TUNEL kit (Chemicon Co.).
Cell proliferation assay. Cell proliferation was analyzed using a Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan).
In brief, cells were seeded on a 96-well plate (Corning Inc., Corning, NY, USA) at a concentration of 5x10 5 Quantitative real-time RT-PCR. Total RNA was isolated using TRIzol (Invitrogen Co., Carlsbad, CA, USA). Total RNA template (2 µg) was used per 1 µl of reverse transcriptase reaction by AMV reverse transcriptase (Fermentas, EU) using olido(dT) primers at 42˚C for 1 h according to the manufacturer's instructions. For semi-quantitative real-time RT-PCR, duplicate 1 µl samples of each cDNA using SYBR Green mix were amplified as follows: 95˚C for 10 min, 40 cycles at 95˚C for 15 sec, and 60˚C for 60 sec. The relative amount of gene expression was calculated using the expression of β-actin as an internal standard. DR4: sense, 5'-GGCTGAGGACAATGCTC ACA-3'; antisense, 5'-TTGCTGCTCAGAGACGAAAGTG-3'. DR5: sense, 5'-CCAGCCCTCCCTCAGATGTAC-3'; antisense, 5'-TGTAAGGTTGTCCAGTTCAAAAGACT-3' . β-actin: sense, 5'-CCAGCTCACCATGGATGATG-3'; antisense, 5'-ATGC CGGAGCCGTTGTC-3'. Data were normalized to the level of β-actin expression in each individual sample according to ∆∆Ct (Ct DR4/DR5 -Ct β-actin ) value.
Western blot analysis. Cells treated with plumbagin alone, rsTRAIL alone, or their combinations were harvested, washed with PBS, and treated with RIPA lysis buffer (Merck Millipore, Darmstadt, Germany). The lysates were centrifuged at 10,000 x g for 15 min at 4˚C and the concentration of protein in each lysate was determined using BCA protein assay reagent (Biyuntian) following the manufacturer's protocol. After being mixed with loading buffer, 30 µg of protein sample in each group was loaded for SDS-polyacrylamide gel electrophoresis and subsequently transferred to a PVDF membrane. Then, PVDF membrane was blocked with appropriate blocking solution for 2 h at room temperature (RT), incubated with primary antibody overnight at 4˚C, and followed with HRP conjugated secondary antibody for 2 h at RT. After being incubated with electrochemiluminescence substrate (Immobilon Western Chemiluminescent HRP substrate), PVDF membrane was visualized and scanned via FluorChem E system (Bio-Techne, San Jose, CA, USA)
Glutathione determination. Kasumi-1 cells were treated with diverse concentration of plumbagin. The cells were centrifuged with 800 x g for 10 min. The concentrations of total glutathione (T-GSH), reduced glutathione (GSH) and oxidized disulfide (GSSG) in different group cells were measured by an enzymatic method according to the commercial assay kit procedure (Beyotime Institute of Biotechnology, Jiangsu, China).
In vivo tumor xenograft study. NOD/SCID male mice (4-6-week-old) (Beijing HFK Bioscience Co. Ltd., Beijing, China) were housed under pathogen-free conditions with a 12-h light/12-h dark schedule and fed with an autoclaved diet and water ad libitum. All animal procedures adhered to the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals with all efforts to minimize animal number and suffering. Kasumi-1 cells were injected s.c. into the flanks of the mice (2.5x10 6 in 2 ml) and tumors were allowed to develop for 18-30 days until they reached 50-100 mm 3 , then treatment was initiated. Mice (n=25) were randomly assigned to one of the following treatment groups: i) mice (n=5) was treated daily with vehicle (0.4 ml physiological saline) as a normal saline group; ii) Ara-C group (n=5) was treated daily with Ara-C at doses of 50 mg/kg body weight in 0.4 ml PBS; iii) mice (n=5) had an injection of rsTRAIL alone (10 mg/ kg body weight in 0.1 ml PBS); while iv) plumbagin alone group (n=5) were treated with plumbagin (6 mg/kg of body weight) in a volume of PBS 0.4 ml every day; v) mice (n=5) were treated daily with rsTRAIL (10 mg/kg) and plumbagin (6 mg/kg) in a final volume of 0.6 ml for two weeks. Tumor volumes and weights were measured twice a week. Tumor size was based on the formula: tumor volume (TV, mm 3 ) = 1/2 (long diameter) x (short diameter) 2 , measured by calipers. After 3 weeks of treatment, tumor-bearing mice were sacrificed. Xenograft tumors, as well as other vital organs of the treated and control mice were fixed in 4% paraformaldehyde, embedded in paraffin and cut into 3-5-µm sections. The pathological slices of tumor and organs of mouse were stained with H&E method and observed under a microscope. The apoptotic rate and the expression of TRAIL and TRAIL receptors on the surface of the cells were detected by flow cytometry.
Statistical analysis. Data are expressed as mean values ± standard deviation (SD). Analyses were carried out using Student's t-tests. Values of P<0.05 were considered statistically significant.
Results

Combined treatment with plumbagin and rsTRAIL decreased the cell viability and induced cell apoptosis in human leukemic
Kasumi-1 cells. Using CCK-8 assay, we first treated Kasumi-1 cells with different concentrations of rsTRAIL or plumbagin alone for different incubation times to determine cell viability. rsTRAIL alone from 10 to 1,000 ng/ml could inhibit cell proliferation in a in a dose-and time-dependent manner after 12-72 h (Fig. 1A) . Plumbagin inhibited cell proliferation in Kasumi-1 cells with a dosage of 2-12 µM (Fig. 1B) . Then, we tested their combinational effects. As shown in Fig. 1C , rsTRAIL-inhibited cell viability of Kasumi-1 cells were dosage and time-dependently enhanced by 2 and 4 µM plumbagin, which is slightly inhibited in Kasumi-1 cells.
To confirm whether the cell viability decrease was caused by apoptosis, cell morphology and TUNEL staining assay were performed. We exposed Kasumi-1 cells to various concentrations of rsTRAIL alone or in combination with 2 µM pumbagin for 12 h. Many more cells showed characteristic changes with plumbagin plus rsTRAIL, such as cell shrinkage, nuclear condensation, and formation of apoptotic bodies (Fig. 1D) . As shown in Fig. 1D , more cells with brown precipitate were toward the combination group than rsTRAIL or plumbagin alone. Cell cycle analysis also revealed a markedly increased sub-G1 population in the combined treatment with plumbaign and rsTRAIL, compared with the results of plumbagin or rsTRAIL alone (Fig. 1E) .
Plumbagin upregulated expression of DR5 and contributed to the enhancement of TRAIL-induced cell death.
Death receptors (DRs) play key roles in TRAIL-induced apoptosis (32, 33) . It has been reported that sensitivity to TRAIL-induced apoptosis may result from the differential expression of death receptors, and a positive correlation of the sensitivity to TRAIL with the expression of DR4 and DR5 is documented (1, 34) . We, therefore, investigated whether these receptors are similarly regulated by plumbagin in Kasumi-1 cells. We examined the effect of plumbagin on the expression of death receptors at both mRNA and protein levels by using real-time PCR, flow cytometry and western blot analyses. We found that treatment of Kasumi-1 cells with 1 and 2 µM plumbagin for 4, 8 and 12 h resulted in an increased mRNA level expression of DR5 but not DR4 in a dose-and time-dependent manner ( Fig. 2A) . The surface levels of DR4 and DR5 were also detected by flow cytometry analysis, and upregulation of DR5 was further confirmed as shown in Fig. 2B . Then we extracted protein of Kasumi-1 cells treated by 1 and 2 µM plumbagin for 4 and 8 h. Western blot analysis was performed and clearly showed the upregulated expression of DR5 (Fig. 2C) . To observe the upregulation of DR5 in both agents combination-induced apoptosis, Kasumi-1 cells were further treated by plumbagin alone, rsTRAIL alone, and their combination for 4, 8 and 12 h. As shown in Fig. 2D , upregulation of DR5 expression was observed in plumbagin alone and combination with rsTRAIL group but not in rsTRAIL group.
To investigate the functional upregulation of DR5 induced by plumbagin in Kasumi-1 cells, we used an anti-DR5 neutralizing antibody to inhibit DR5 activity by flow cytometry analysis. We demonstrated that the apoptosis induced by rsTRAIL alone and the combination of plumbagin and rsTRAIL were significantly abolished in the presence of anti-DR5 neutralizing antibody but not pumbagin alone (Fig. 2E) . The results demonstrated that upregulation of DR5 by plumbagin contribute to apoptosis of Kasumi-1 cells induced by TRAIL.
Caspase activation, mitochondrial damage and decreased cFLIP expression were involved in the enhancement effect of plumbagin on rsTRAIL-induced Kasumi-1 cell apoptosis. Both the death receptor (extrinsic) pathway and the mitochrochria (intrinsic) pathway are involved in TRAIL-induced apoptosis, and TRAIL apoptosis signaling pathway finally results in the activation of caspases (35) . Cellular FLICE-inhibitory protein (c-FLIP) is major inhibitor of TRAIL-mediated apoptosis and is involved in the resistance to TRAIL-induced apoptosis (2). We then analyzed the caspases, Bcl-2, Bid, Bax and cFLIP by western blot analysis. As shown in Fig. 3A , combined treatment led to more significantly increasing caspase-8, -3 and -9 activities than treatment with rsTRAIL alone, indicating that combined treatment induces apoptosis of Kasumi-1 cells through a caspases-dependent pathway. Upregulation of Bax and activation of Bid were also observed in the combined group, suggesting intrinsic pathway is involved (Fig. 3B) . In parallel to the western blot analysis, combined treatment with plumbagin and rsTRAIL also significantly decreased the MMP (Fig. 3C) . As shown in Fig. 3B , the expressions of c-FLIP was decreased in plumbagin group and the combined group, but not in rsTRAIL alone group, suggesting that downregulation of c-FLIP might be involved in plumbagin-induced apoptosis of Kasumi-1 cells and might be used as the sensitizer of TRAIL resistance cells.
The effects of plumbagin on the expression of DR5, Bax and cFLIP is partially abolished by ROS scavenger NAC in
Kasumi-1 cells. Plumbagin contains a quinone nucleus which could transfer one electron in aerobic metabolism under oxidative stress, and the semiquinone radical participates in redox cycling to generate reactive oxygen species (ROS) like superoxide anion (O 2 ) and hydrogen peroxide (H 2 O 2 ) (36). Published data reported that plumbagin effectively induced hematological malignancies, in which ROS levels play an important role in mediating apoptosis (19, 20, 37) . We postulated that the mechanism might also underlie plumbagininduced apoptosis in Kasumi-1 cells. Then, ROS scavenger NAC was combined with plumbagin to induce apoptosis of Kasumi-1 cells. Apoptosis of Kasumi-1 cells induced by plumbagin (4 µM) alone or plumbagin (2 µM) plus rsTRAIL (100 ng/ml) were inhibited by NAC from 59.3 to 8.7 and 53.6 to 23.9%, respectively (Fig. 4A) . However, NAC did not show a significant effect on rsTRAIL (100 ng/ml) alone induced apoptosis of Kasumi-1 cells (Fig. 4A) . Cell lysates containing equal amounts of total protein from cells treated by plumbagin with or without NAC were assayed for western blot analysis, and the expression of DR5, Bax and cFLIP were detected. Plumbagin-induced DR5 upregulation was attenuated by the ROS scavenger NAC, the expression of Bax and cFLIP was also influenced by the ROS scavenger NAC (Fig. 4B) .
GSH depletion by plumbagin increases the production of ROS.
It has been shown that the decrease of GSH content is a common feature in apoptotic cell death (38) . Previous studies reported that plumbagin regulates the cellular redox state by modulation of GSH (36, 39) . In this study, we observed the content of GSH in Kasumi-1 cells treated by plumbagin for 6 and 12 h. The content of GSH was significantly decreased in groups of plumbagin treatment. The decrease was negatively correlated with plumbagin concentrations (Fig. 4C ).
Combined treatment with plumbagin and rsTRAIL inhibits tumor growth in vivo.
To determine whether combined treatment with plumbagin and rsTRAIL can inhibit tumor growth in vivo, we injected human leukemic Kasumi-1 cells s.c. into NOD/SCID male mice. Combined treatment with plumbagin and rsTRAIL had a synergistic effect and was found to markedly inhibit tumor growth compared with the control group, plumbagin alone, or TRAIL alone (P<0.05) (Fig. 5A) . The tumor volume was 1783.12±891.28 mm 3 in the control group and 293.51±86.06 mm 3 in combined group (P<0.01) (Fig. 5B) . Moreover, the average volume of the tumors in combined group was reduced by 19.44% when compared with the control group (P<0.01) (Fig. 5B) . As shown in Fig. 5C , the decrease of tumor weight is obvious in Ara-C group, plumbagin alone group and combined group. Apart from the infiltration of tumor cells in spleen and bone marrow, there was no obvious toxic pathologic change in the heart, liver or kidney tissues in any of the groups (Fig. 5D) .
To gain insight into the mechanism of combined treatment with plumbagin and rsTRAIL inhibition of tumor growth in vivo, we harvested the Kasumi-1 tumor xenografts from the treated mice. Comparing with the control mice, a significantly increased number of apoptotic cells was observed in the combined treated mice (P<0.01) (Fig. 5E ). As shown in Fig. 5F , combined treatment with plumbagin and rsTRAIL could increase the expression of both DR4 and DR5 receptors and decrease the DcR2 receptors expression on the surface of the cells. In addition to this, plumbagin not only increased the expression of DR5 in cells of xenograft tumors, but also increased the expression of DR4, which was different with the expression of DRs in vitro. There were no obvious difference on the expression of both TRAIL and DcR1 receptors between combined groups and control groups. These data indicated that the administration of plumbagin plus rsTRAIL induces tumor regression associated with apoptosis in vivo. 
Discussion
AML with t(8;21) accounts for ~15% of AML. It is generally considered as a subtype of better outcomes, but resistance to drugs is still a tough problem in clinic. So the approach of finding new agents and/or methods is important to conquer this problem. In this study, we used Kasumi-1 cells, which is a classic cell line derived from t(8;21) positive acute leukemia patient, as model to study the effect of two agents, the rsTRAIL and plumbagin. Although rsTRAIL could significantly induce apoptosis of Kasumi-1 cells, resistance to TRAIL apoptotic pathway is a common phenomenon in refractory/relapse AML patients (35) . Here we report for the first time, that plumbagin could enhance TRAIL-induced apoptosis on acute myeloid leukemia cells with t (8;21) . This was observed not only in well-established cell lines in vitro, but also in a murine xenograft tumor model. Combined treatment with plumbagin and rsTRAIL decreased the cell viability mainly due to the induction of apoptosis, which has been demonstrated by morphological assay and increase of apoptotic cells both in vitro and in vivo. The mechanisms by which plumbagin mediates its effects on TRAIL-induced apoptosis appears to involve the induction of TRAIL receptor upregulation, activation of caspase-8 and inhibition of cFLIP.
Firstly, we found upregulation of DR5 expression was closely involved in the enhancement effect of plumbagin on TRAIL-induce apoptosis of Kasumi-1 cells both in vitro and in vivo. This further supports the notion that TRAIL receptor expression is related to TRAIL sensitivity in tumor cells (35) . As shown on Fig. 1B , the concentration of plumbagin <2 µM could not induce significant apoptosis of Kasumi-1 cells within 12 h. Then, the concentrations of plumbagin at 1 and 2 µM were applied to test the effect on TRAIL-induced apoptosis of Kasumi-1 cells and their influence of TRAIL receptors as well as death signaling pathway. The results of real-time PCR showed that upregulation of DR5 mRNA level, but not DR4, by plumbagin was significant in plumbagin-induced apoptosis of Kasumi-1 cells. Flow cytometry and western blot analysis further confirmed the findings at protein levels. Similar results were seen by Li et al previously finding that plumbagin upregulated death receptor mRNA and protein expression of human melanoma A375 cells (40) .
Although expressed on the cell surface, DR4 and DR5 may not be functional, and both functional and non-functional TRAIL receptors are detected by FCM and western blot analysis (2) . Then, we used DR5 neutralizing antibody to observe its effect on Kasumi-1 cells. The enhancement effect of plumbagin on TRAIL-induced apoptosis of Kasumi-1 cells was significantly decreased after the neutralization of DR5. It means upregulation of DR5 by plumbagin is functionally taken effect among TRAIL-induced apoptosis of Kasumi-1 cells. Then we asked whether these findings could be translated into in vivo situations. Interestingly, our study found that plumbagin could increase the expression of both DR4 and DR5 in murine xenograft tumors, which was different from the results that only the DR5 expression on the cell surface in vitro. Recently, von Karstedt et al (41) found that high TRAIL-R2 expression correlates with invasion of pancreatic ductal adenocarcinoma into lymph vessels. Upregulation of DR4 not only DR5 might imply more clinical importance and need to be further investigated.
Secondly, the augmented effect of plumbagin on TRAILinduced apoptosis of Kasumi-1 cell is ROS-dependent, and ROS levels are mainly negatively regulated by content of GSH in the cell has been reported. Plumbagin can induce ROS-mediated apoptosis in various leukemic cells in vitro (20, 37) . In this study, plumbagin was also confirmed to induce significant apoptosis of leukemic Kasumi-1 cells in vitro, which was completely abolished by NAC treatment.
There are two main mechanisms with the therapeutic activity of quinones including the production of the semiquinone radical under aerobic conditions which participates in redox cycling to generate ROS, like superoxide anion (O 2 · ) and hydrogen peroxide (H 2 O 2 ) and as a potent electrophile reacting with the thiol groups of proteins and GSH (36) . Plumbagin is a bicycling naphthoquinone, its cytotoxic properties is related to its quinone core and contribute to its therapeutic activity.
Castro et al (36) reported the toxicity of plumbagin acts mainly as a potent electrophile in Saccharomyces cerevisiae, and then decrease the concentration of GSH. The GSH level is an important factor in the protection against several stress conditions, and low GSH levels can be associated with decrease in cell proliferation, protection against apoptosis and ROS elimination. The contents of GSH in Kasumi-1 cells after treated with plumbagin were negatively correlated with the concentration of plumbagin from 2 to 6 µM. Therefore, we postulate that plumbagin-induced ROS-mediated apoptosis of leukemic Kasumi-1 cells are mainly through reacting with thiol group of GSH. Glutathione-S-transferases (GST), which is related to the contents of GSH in cells and is important in quinone detoxification, may also be inactivated by plumbagin. This modulation is paralleled by ROS formation (42) .
Thirdly, we found the activation of both extrinsic and intrinsic caspase pathway is involved in plumbagin-induced apoptosis of Kasumi-1 cells, which in turn may potentially promote TRAIL-induced apoptosis in Kasumi-1 cells. As shown in Fig. 3A , both intrinsic and extrinsic caspases could be activated in plumbagin alone and the combination with rsTRAIL-induced apoptosis of Kasumi-1 cells. It was interesting that caspase-8 (the substrate of extrinsic pathway) could be activated by plumbagin alone at the concentration <2 µM in our study, and the result was consistent with the finding of Xu and Lu that caspase-8 could be activated after caspase-9 activation in NB4 cells (19) . McKallip et al (43) also suggested that the observed effects on caspase-8 activity following plumbagin exposure were mediated through the production of ROS. Wieder et al (44) reported that drug-induced caspase-8 activation in B-lymphoma cells is independent of death receptor signaling and is mediated by postmitochondrial caspase-3 activation. Plumbagin is generally considered as an intrinsic apoptosis inducer, our results supported that there is crosstalk between the extrinsic and intrinsic apoptotic pathways in plumbagin-induced apoptosis of tumor cells. Therefore, we think plumbagin-induced caspase-8 activation might also involve in its enhancement effect on TRAIL-induced apoptosis of Kasumi-1 cells.
In conclusion, we found that plumbagin could enhance TRAIL-induced apoptosis in Kasumi-1 cells, and the mechanisms include ROS-mediated upregulation of DR5 expression, caspase-8 activation and inhibition of cFLIP expression. Although overcoming TRAIL resistance still remains a challenge, our in vitro and in vivo data suggest that rational combination of plumbagin and TRAIL is a regimen that would optimize the anti-leukemic activity in refractory/relapse AML with t(8;21) in future.
